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).a b s t r a c t
The evaluation of environmental credentials for innovative products within the research and design
phase of development presents a valuable yet challenging exploit. The research presented here aims to
carry out the early-stage environmental assessment of a novel nano material e cellulose nanocrystals
(CNC) foam by applying ex-ante life cycle assessment (LCA) supplemented by an environmental, health
and safety (EHS) screening. LCA is applied to assess the cradle-to-factory gate environmental impacts
along the R&D trajectory from the laboratory synthesis, conceptual design, bench-scale trial to the up-
scaled process design. Non-renewable energy use (NREU), greenhouse gas (GHG) emissions and agri-
cultural land occupation (ALO) are the three indicators analysed. The early-stage EHS screening provides
a supplementary assessment since the toxicity information is usually missing in the ex-ante LCAs due to
lack of information. The EHS screening was conducted in two steps: 1) the (eco)toxicological effects of
CNC are analysed by applying in vivo zebraﬁsh assays; and 2)A so-called “block list” scan is performed
where all substances used in the production of CNC foam are scanned against valid regulations. The LCA
results demonstrate that technology upscaling leads to a steady environmental impact reduction. It is
observed that for per kg studied CNC foam, both NREU and GHG emissions were reduced by a factor of 10
along the R&D trajectory from lab scale to upgraded process design, as a result of the design improve-
ments associated with energy-intensive processes and process energy optimisation. Along the studied
R&D trajectory the potential ALO was decreased by 83% primarily due to a more efﬁcient recycling of
ethanol. The block list scan did not yield highly concerned substances in the manufacturing process. The
in vivo zebraﬁsh assay provided valuable insight into the ecotoxicological effects of CNC pointing towards
the need for a more rigorous assessment.
© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In 1949, Rånby demonstrated that controlled sulfuric acid hy-
drolysis of wood and cotton cellulose, resulted in degradation of the
amorphous regions, producing nanocrystals (Beck-candanedo et al.,
2005). These nanocrystals are termed cellulose nanocrystals (CNC),
also called nanowhiskers or nanocrystalline celluloses, as elongated
crystalline rod-like nanocrystals (Habibi et al., 2010; Siqueira et al.,r Ltd. This is an open access article2010; Siro, Istvan; Plackett, 2010). CNC has a typical diameter of
3e20 nm and length of 100e1000 nm dependent upon the prepa-
ration method and cellulose source (Beck-candanedo et al., 2005;
Habibi et al., 2010; Moon et al., 2011). Beneﬁting from the small
size and large length-to-width/diameter aspect ratio, CNC has
exceptional mechanical properties. A single nanocrystalline cellu-
lose typically has a Young's modulus of 110 GPae220 GPa and a
strength of 7e50 GPa (Azizi Samir et al., 2005; Brinchi et al., 2013;
Hubbe et al., 2008; Moon et al., 2011). These values are comparable
to common engineering materials, e.g. aluminium alloy and stain-
less steel with Young's moduli of 68e82 GPa and 189e210 GPa
respectively (Ashby, 2005).under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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and lower susceptibility to bulk moisture absorption, promoting its
utilisation as an efﬁcient reinforcing candidate (Klemm et al., 2011).
Studies on the development of nanocomposites using CNC as a
reinforcing component in natural polymeric matrixes have been
intensively reported (Brinchi et al., 2013; Eichhorn et al., 2010;
Habibi et al., 2010; Khalil et al., 2012; Klemm et al., 2011; Oksman
et al., 2016). In particular, CNC has demonstrated its potential for
applications surrounding the reinforcement of cell walls in polymer
foams (Mi et al., 2014; Wik et al., 2011), and in the fabrication of
high porosity foams (Dash et al., 2012; Zhou et al., 2014) and aer-
ogels (Mueller et al., 2015). Impelled by the various application
possibilities (Eichhorn et al., 2010; Zhou et al., 2014), an increase in
research activity has been carried out to further develop processing
technology suitable for the mass production of CNC porous mate-
rials (Oksman et al., 2016).
Despite developments in extracting CNC and its utilisation for
newmaterials, environmental and health impacts of CNC and CNC-
composites remain little understood. Merely a few health studies
exist, highlighting the lack of knowledge on the toxicology of CNC
(Roman, 2015). Furthermore, only two LCA (life cycle assessment)
studies of CNC are available in the public domain (de Figueire^do
et al., 2012; Nascimento et al., 2016). In these two studies, CNCs
were extracted from white cotton and coconut ﬁbre through lab
experiments. For materials incorporating CNC, studies on their
environmental performance have not been conducted at present.
Within the EU FP7 project “NCC-Foam”1 (http://ncc-foam.eu/),
open-cell foams using CNCs were developed with practical di-
mensions (0.6m 0.4m 0.01m). They could potentially be
infused with resins and subsequently incorporated as a lightweight
corewithin sandwich compositemodules. For the development of a
new material, the closer the development is to the industrial pro-
duction plant, the more costly and inﬂexible it will likely become to
include performance targeted improvements within the produc-
tion system, or alter feedstock and material composition (K€ohler
and Som, 2014; Piccinno et al., 2016). Thus, opportunities to prog-
ress the manufacture technology should be grasped in the early
stages of development. Choices made during early development
stages have a large inﬂuence on the associated environmental im-
pacts of a ﬁnal product (Broeren et al., 2017; Hauschild et al., 2005;
Sheldrick and Rahimifard, 2013). For CNCs, LCA has been previously
applied to evaluate various process technologies in a bid to identify
sustainable choices of biomass feedstocks and to provide recom-
mendations on technology pathway choices (de Figueire^do et al.,
2012; Nascimento et al., 2016).
The present study applies ex-ante LCA to assess the environ-
mental impacts of CNC foam, a product in its early-stage develop-
ment. Reported early-stage technology assessments (e.g. ex-ante
LCAs) were typically built on the data collected from lab scale
synthesis (e.g. de Figueire^do et al., 2012; Li et al., 2013; Piccinno
et al., 2015) or conceptual design (Fernandez-Dacosta et al., 2015;
Villares et al., 2016). In practice, results of these assessments are
often overlooked (Broeren et al., 2017; Patel et al., 2012) due to large
time-scales between R&D to ﬁnal production. In the present study
the environmental impacts of CNC foam have been continuously
observed and monitored throughout the project, allowing for
comparison of the impacts arising at different development stages
(e.g. from lab scale, conceptual design to commissioned bench-
scale production and up-scaled process design).
Three environmental indicators are analysed in this study,
namely non-renewable energy use (NREU), Greenhouse gas (GHG)
emissions and agriculture land occupation (ALO). Due to the lack of1 One of the former synonyms of CNC is NCC (nanocellulose crystalline).information at the early stage of product development, many pre-
vious LCA studies either neglected the toxicity impacts as a whole
(e.g. by only selecting a limited number of impact categories based
on available data and information (Arvidsson et al., 2015; Cok et al.,
2014; Hermann and Patel, 2007; Hottle et al., 2013; Schrijvers et al.,
2014), or solely reporting toxicity impacts from the input materials,
without inclusions of the direct impacts from the nanomaterials
and product system (de Figueire^do et al., 2012; Li et al., 2013;
Piccinno et al., 2015; Nascimento et al., 2016)).
Given the dynamics of the early stages of product innovation it is
virtually impossible to perform detailed assessment of the potential
adverse effects of chemicals to humans and the environment, even
when considering possibilities of applying predictive tools like
Quantitative Structure Activity Relationships (QSARs) (Silvia et al.,
2010) for speciﬁc toxicity endpoints. Conversely, it is to be noted
that especially for formulations containing nanomaterials virtually
no information on the toxicity proﬁle of the nanomaterials is
available and clear guidance for efﬁcient toxicity testing of nano-
materials is still lacking. In the present study, we propose an early-
stage Environmental, Health and Safety (EHS) screening in
accompaniment to the LCA, aiming to provide ﬁrst insights in
possible (eco)toxicological effects though exploiting the limited
data available in the early stage of a product development. The
screening consists of two parts: 1) a simpliﬁed eco-toxicological
test of CNC suspensions, focussing on adverse effects induced by
chemicals dissolved in the suspensions, and 2) a so-called “block
list” scan where all input substances are screened subject to in-
ternational regulatory frameworks, such as REACH (Registration,
Evaluation, Authorisation and Restriction of Chemicals) (European
Commission, 2006), and (UNEP) Stockholm convention on Persis-
tent Organic Pollutants (UNEP, 2008). This approach allows for a
broad screening of chemicals of severe concernwithout the need of
detailed and tedious fate and toxicity assessment. It is acknowl-
edged that the approach will fall short for chemicals used in the
processing steps of CNC foam, for which no toxicity data are
available. In the speciﬁc case of CNC suspensions, it turned out that
the block list screening could be performed for all chemicals used
within the various process steps. Simpliﬁed toxicity screening was
possible only for the mixture of chemicals present in CNC sus-
pensions and in paper pulp; the method did not allow to assess
adverse effects of nanoparticles present in CNC suspensions.2. Methodology
This early-stage sustainability assessment consists of two
components: an ex-ante LCA and an early-stage EHS screening, see
Fig. 1. The ex-ante LCA and EHS screening are applied simulta-
neously. The LCA was applied at each instance a new product sys-
tem design was conﬁrmed and was conducted in accordance with
the standardized methodology deﬁned by the ISO (ISO, 2006a,
2006b).
Because toxicity data for an environmental impact assessment
are not available for the studied CNC product, it is not possible to
include a toxicity impact assessment in the ex-ante LCA. EHS
screening is conducted to gain the ﬁrst insight into eco- and human
toxicities of this type of new nanomaterial. EHS screening is applied
at the earliest possible stages of product development and consists
of two steps (see Fig. 1):
1) The “block list” scan may be performed in any of the develop-
ment stages as it requires only information on substances used
within the manufacturing processes. The “block list” only con-
tains substances that are regulated by authorities. However, the
“block list” does not include novel substances structures such as
Fig. 1. Structure of the proposed early-stage assessment methodology.
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in vivo zebraﬁsh assay was conducted.
2) The in vivo zebraﬁsh assay was performed when it is difﬁcult to
predict the ecotoxicities of a new substance by using the existing
toxicity simulation tools. Zebraﬁshwas chosen as a standardized
OECD test is available for testing the impact of chemical on the
early life stages of zebraﬁsh (OECD, 2012). Zebraﬁsh represents
an important trophic level within the food chain and there is
about 70% genome similarity between zebraﬁsh and humans.
Thereupon, zebraﬁsh embryos are sensitive to toxicants and
they are considered as being invertebrate species. The latter
implies that no additional ethical requirements are applicable
upon zebraﬁsh embryo testing. This method can be performed
in any instance where enough sample material can be produced
and submitted. It is also repeated when the product itself un-
dergoes ingredient changes.
During the EHS screening process when adverse effects are
observed or hazardous chemicals are identiﬁed, three options are
available at each stage of development: (i) Substitution of the
hazardous chemicals by less harmful compounds. This would
contribute directly to safe production practises. (ii) Modiﬁcation of
the products shown to possess hazardous properties, including
consideration of modiﬁcation of the product being produced. (iii)
Take precautions to warrant minimized exposure to the hazardous
chemicals present, during all stage of development and application.
Only in the worst case in which none of these options warrants
sufﬁcient reduction of potential risks, termination of product
development is to be considered.2.1. Life cycle assessment
2.1.1. Goal and scope deﬁnitions
The goal of the LCA is two folds:
1) To assess the environmental impacts and identify possible
improvement potentials of CNC foam; and
2) To understand how the environmental impact changes along
the various R&D stages.
The functional unit is deﬁned as “1 kg of CNC foam”. The system
boundary is deﬁned as “cradle-to-factory gate”. It includes every
process involved from resource extraction of raw materials andenergy, to chemical/mechanical conversions and processing until
the formation of the foam product. The packaging, use and disposal
phases of the CNC foams are not included in this study.
Based on the goal, attributional LCA in the “accounting context”
is chosen for the inventory modelling (i.e. “Type C” under the ILCD
guidance) (European Commission, 2010). The foreground data for
the manufacture of CNC foam is obtained during the project period
(2013e2016). The background data is based on the available in-
formation averagely dated in the 2000s and 2010s. The geograph-
ical scope is Europe. For the raw materials, utilities and energy
consumed in the production processes, status quo production
technologies are assumed (i.e. less than 10 years old).
Three environmental indicators are selected: NREU (non-
renewable energy use), GHG (greenhouse gas) emissions and ALO
(agriculture land occupation). NREU strongly correlates with many
energy-related environmental impacts (Huijbregts et al., 2006).
NREU is calculated using the Cumulative Energy Demand method
(Frischknecht et al., 2007a), covering primary fossil fuel and nuclear
energy consumption. Cumulative fossil energy demand has a strong
correlation with many other energy-related impact categories and
is therefore a useful proxy of environmental impacts (Huijbregts
et al., 2006).
GHG emissions have receivedmuch attention due to the societal
concerns on climate change. The GHG emissions are calculated
based on the GlobalWarming Potential (GWP) for a 100 year period
from the IPCC 5th assessment report (IPCC, 2013). The carbon in-
ventory is modelled in accordance with PAS 2050:2011 (BSI, 2011).
Since CNC foam is a bio-based product, both biogenic carbon re-
movals and emissions are taken into account. GHG emissions
arising from direct and indirect land use changes are not taken into
account.
Land use (indicated as “agriculture land occupation” here) is an
important resource indicator for bio-based products. Many studies
have shown that bio-based products have the beneﬁts of reducing
NREU and saving GHG emissions (Chen and Patel, 2011; Hermann
et al., 2007; Weiss et al., 2012). However, the trade-offs between
NREU/GHG emission reduction and land use are commonly over-
looked in many LCAs (Broeren et al., 2017; Sheldon and Sanders,
2015). In this LCA, the impact category of ALO is chosen from
ReCiPe Mid-point with Hierarchy perspective (Goedkoop et al.,
2013). ALO includes various categories of land occupation,
including a wide range of arable and forest land (Goedkoop et al.,
2013).
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2.1.2.1. Product systems. The rawmaterial used in the production of
CNC foam is dissolving grade pulp, which has a b-cellulose content
higher than 90%. Dissolving pulp is commonly produced fromwood
via the sulﬁte process or the kraft process with an acid pre-
hydrolysis step to remove hemicelluloses. The development of
CNC foam production technology passed through four distin-
guishable stages within the time-scale of this study, namely, lab-
scale production, conceptual design of a pilot plant, bench-scale
trials and most recently the up-scaled process design. These four
stages distinguish the four product systems (PS) investigated.
Fig. 2a shows the simpliﬁed scheme for the production of CNC
foam. The process initiates with a controlled sulfuric acid hydrolysis
of dissolving pulp at around 40 C (Shoseyov et al., 2013b). In this
step, cellulose amorphous domains are degraded while the crys-
talline domains remain intact. The amorphous cellulose is partially
oxidised into CO2 emitted to air and the remaining solid fraction
consisting mainly of mono- and poly-saccharides is disposed of as
solid waste. The CNCs are separated from the acid by centrifugation.
In the lab production, approximately 80% of the sulfuric acid is
recycled. The obtained CNCs are washed before the solution is
sonicated in an ice bath until the solution becomes optically clear,
resulting in a stable suspensionwith uniformly dispersed CNCs. The
CNC suspension is then mixed with a bio-based binder, and this
mixture is subsequently frozen at 80 C using liquid N2. In the
freezing step, the ice crystals that formed push the CNCs towards
each other, forcing self-assembly and arrangement of CNCs into
macro-structures. In the thawing step, the ice is removed via two
ethanol exchange cycles. After removing ethanol by draining and
natural drying, a foam consisting of CNCs was obtained (Fig. 1b
shows the CNC foam produced in the lab) (Shoseyov et al., 2013a).
In the lab-scale production (PS1), about 50% of the ethanol is
recycled.
It is important to note that as the product is currently under
development the common life cycle processes post production i.e.
packaging, end-product transportation and distribution, use and
end of life waste management are not explored in this early stage
assessment due to lack of detailed information on the type of end
products that the studied CNC material could lead to.
With the ambition of developing a pilot scale processing tech-
nology, the conceptual design of a pilot plant was ﬁrst created with
a target of producing 100 kg CNC foam per day. The main dis-
tinguishing feature of this conceptual design (PS2) is the incor-
poration of a tunnel refrigerator operating at 40 C to replace
liquid N2 and a distillation process to recover 67% of the ethanol
used during the solvent exchange process. These adapted measures
are integrated into the system to reduce the energy consumption
(especially from the freezing step) and production cost.
Developing a pilot plant to test the scalability of the production
process presented a critical step within the project. Two acute
bottlenecks were encountered: 1) the high production cost of CNCs,
and 2) difﬁculties in ﬁnding suitable equipment to achieve the
ambitious goal of 100 kg/day. These constraints led the project
team to two important decisions: 1) changing the foam's constit-
uent ingredients by adding a bio-based bulk ﬁller to bring down the
cost, and 2) curtailing the pilot design to a bench-scale process, in
order to continue the development within the budget conﬁne-
ments. As a result, the foams produced from the bench-scale trial
(PS3) consist of CNC, the bio-based binder and the bio-based bulk
ﬁller. In this way, the two bottlenecks are overcome without
compromising the key properties of the foam (e.g. density and
thermal conductivity). Further key process improvements in PS3
include an increased ethanol recycling rate (from 67% to 94%), a
reduction in ethanol makeup by 71%, an elevated operation tem-
perature (from 40 C to 20 C) and a shorter operation time inthe freezing step via the use of a shock freezer.
The bench-scale trial successfully produced about 0.8 kg foam
per day for a couple of weeks. Resulting individual foams weigh
about 96 g each and have the dimension of 0.6m 0.4m 0.01m,
suitable for various mechanical property and ﬁre property testing.
Based on internal knowledge developed within the project, a
detailed up-scaled process design (PS4) aiming at producing 30 kg
foam per day was established using engineering tools. In compar-
ison to PS3, ethanol makeup is reduced by 18% in the thawing step
due to the scaling factor. Even though extra electricity consumption
is added for pumping ethanol in the thawing step due to the design
of the automatic production line in PS4, the total electricity con-
sumption is reduced by 42% compared to PS3. This is mainly due to
the more energy efﬁcient ethanol distillation and drying. The main
characteristics of the four product systems are summarized in
Table 1.
2.1.2.2. Data and assumptions. For PS1 and PS3, the foreground
data was measured based on physical measurements taken from
actual productions. For PS2 and PS4, the foreground data is ob-
tained from engineering partners design simulation models, used
to provide a best estimate for quantities of materials and energy
used within the production process.
Ecoinvent v3.0 is used as the database for the background data.
For PS3 which was carried out in Italy, the site-speciﬁc background
data is used. For the other product systems, the European data is
used whenever the average production technology in Europe is
available. If the European data is not available, the average global
production is assumed and the global data is used. For datawhich is
not available in Ecoinvent v3.0, unit process models are developed
based on peer-reviewed articles and industrial conﬁdential data.
Table 2 provides an overview of the sources and assumptions of the
background data.
The default allocation from the Ecoinvent database is selected
due to the attributional nature of this LCA. For process inputs which
are produced fromwaste streams (e.g. the production of bio-based
binder), the environmental impact of that waste is assumed to be
zero. The environmental impacts of solid waste generated from the
acid treatment are cut off for two reasons: 1) very small quantities
generated 2) the solid waste mainly consists of oligo- and mono-
polysaccharides which likely have low impacts on the energy
requirement and GHG emissions.
2.2. Environmental health and safety screening
2.2.1. Ecotoxicity assessment - in vivo assay using zebraﬁsh
embryos Danio rerio and daphnia magn
To provide a preliminary assessment on the health and safety
aspects of CNC suspension in the early stage development, the
potential adverse effects of CNC were investigated by exposing
zebraﬁsh embryos (Danio rerio) and waterﬂeas (Daphnia magna).
The testing was performed by integrating two methods, namely
passive sampling and passive dosing. Equilibrium partitioning
passive sampling extracts a negligible concentration of potentially
toxic compounds from a substrate into a suitable polymer (Mayer
et al., 2003; Vrana et al., 2005). Reversely, passive dosing is
releasing compounds into an unpolluted medium (Butler et al.,
2013). By performing passive sampling in the jars used for
toxicity testing, the passive sampling devices can directly be used
for passive dosing. In this way the test organisms are exposed to
available concentrations of complex mixtures of potentially toxic
substances (range log octanol-water partitioning coefﬁcient, log
Kow from 2.5 to 5.5) present in the substrate of interest.
For the passive sampling testing, 10 test jars were coated with
50mg of Low V.O.C. Conformal Coating 1e2577 obtained fromDow
Fig. 2. (a) Schematic diagram of the CNC foam product system. (b) Image of CNC Foam (image provided by Melodea and Hebrew University within the EU FP7 project CNC Foam).
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Table 1
Main characteristics of the four product systems.
Product systems a Development stages Capacity
[kg/day]
Foam ingredients Main process characteristics Geographic scope
Freezing Ethanol recycling rate
PS1 Lab-scale production 0.005 CNC þ bio-based binder liquid N2 (80 C) 50% W. European
PS2 Conceptual design 100 CNC þ bio-based binder Tunnel refrigerator (40 C) 67% W. European
PS3 Bench-scale trial 0.8 CNC þ bio-based binder þ bulk ﬁller Shock freezer (20 C) 94% Italy
PS4 Up-scaled process design 30 CNC þ bio-based binder þ bulk ﬁller Shock freezer (20 C) 94% W. European
a PS1 and PS3 are real production processes, PS2 and PS4 are process designs.
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was added to each of the jars followed by 20ml of demineralised
water containing 25mg L1 sodium azide. Jars were allowed to
equilibrate for 28 days on a tilting shaker and ﬂushed twice with
5ml demi water. After equilibration, 10mL of zebraﬁsh medium
(100mg L1 NaHCO3, 20mg L1 KHCO3, 180mg L1 MgSO4 and
200mg L1 CaCl2) were added and the jars were allowed to equil-
ibrate for 24 h at 26 C under a 14/10 h light/dark cycle to reach
equilibrium. Subsequently, a toxicity test with zebraﬁsh embryos
was performed. Ten eggs were placed in each jar and checked for
phenotypic malformations daily up to 120 h post fertilization
(OECD, 2013). Toxicity testing (21 days) of Daphnia magna was
performed according to OECD guideline 211 (OECD, 2012). Zebra-
ﬁsh embryos and waterﬂea are two commonly used test animals
representing biota from two trophic levels. Similar toxicity tests
with phenanthrene and dichloroaniline served as positive controls.
The positive controls did yield normal dose-response curves, with
EC50 values within the range normally found in our labs.2.2.2. “Block list” scan
The health and safety aspects of a product are not only related to
the product ingredients but also related to the substances/chem-
icals used in themanufacturing process. Therefore, a “block list” scan
has been carried out to identify substances in the production pro-
cess of very high concern regarding their adverse effects to man
and the environment. There are national and international regu-
lations and directives on the monitoring and registration of sub-
stances. A list of important European and International regulations
and directives, such as REACH was compiled for such a “block list”
scan. This screening provides a quick overview of any relevant re-
strictions and/or provisions relating to the CNC foam production at
the very early stage of the product development, helping to rule outTable 2
Data sources and assumptions associated with the background data.
Inputs/Outputs Data sources Note/Assump
Dissolving pulp Conﬁdential data from industry Production of
Sulfuric acid Ecoinvent v3.0 (Althaus et al., 2007) Mixed produc
Biobased binder Own LCI model based on literature data Produced from
Liquid N2 Ecoinvent v3.0 (Althaus et al., 2007) Average Euro
Ethanol Ecoinvent v3.0 (Jungbluth et al., 2007) From fermen
are from rest
De-ionized water Ecoinvent v3.0 (Althaus et al., 2007) Average glob
Grid electricity Ecoinvent v3.0 (Frischknecht et al., 2007b) For PS1, PS2 a
renewables).
For PS3 (locat
Wastewater treatment Ecoinvent v3.0 (Doka, 2007) Average wast
a Unit process “Sulfuric acid {GLO}j market for j Alloc Def”.
b Unit process “Nitrogen, liquid {RER}j market for j Alloc Def”.
c Unit process “Ethanol, without water, in 99.7% solution state, from fermentation {GL
d Unit process “Water, deionised, from tap water, at user {GLO}j market for j Alloc De
e Average European electricity mix is modelled based on Ecoinvent (for individual coun
EuroStat (Eurostat, 2016): Germany 19%, France 15%, UK 11%, Italy 11%, Spain 9%, Swede
f Unit process “Electricity, low voltage {IT} j market for j Alloc Def”.
g Unit process “Wastewater, from residence {GLO}j market for j Alloc Def”. Average Euthe potential environmental and business risks.
It is important to notify the reader that when a compound is not
restricted by any of these regulations, it does not necessarily imply
that they are not harmful and always safe to use. Environmental
health and safety properties may not (yet) be known and re-
strictions are updated regularly to include new compounds or new
insights. Also, the lists give information for certain substances on
how to use them safely. However, these lists do provide useful
preliminary information on compounds that should be avoided or
which speciﬁc applications are restricted. The directives and reg-
ulations should therefore be regularly checked for any updates. The
following Directives and Regulations were scanned in this study:
1. Biocidal Products Directive 98/8/EC 1998e2013 consolidated
version
2. Biocidal Product Regulation (EU) 528/2012
3. Directive 2000/60/EC (WFD, 2014 consolidated version)
4. Plant Protection Products 91/414/EEC 1991e2011
5. Regulation (EC) No. 1272/2008 Annex VI (CLP)
6. Regulation (EC) No. 1907/2006 Annex XIV (Authorisation)
7. Regulation (EC) No. 1907/2006 Annex XV (Candidate List)
8. Regulation (EC) No. 1907/2006 Annex XVII (Restriction)
9. Regulation (EC) No. 166/2006 Pollutant Release (EPRTR)
10. Danish List of Undesirable Substances (LOUS)
11. Dutch Substances of High Concern (ZZS)
12. Japanese Priority Assessment Chemical Substances (PACs)
list
13. Directive Industrial Emissions 2010/75/EU (IPPC Annex II list)
14. Convention for the protection of the North East Atlantic
Marine Environment (OSPAR)
15. (UNEP) Stockholm convention (POPs Protocol)tions
commercial grade dissolving pulp made from wood
tion from global commodity marketa
agricultural waste. Conﬁdential ingredient
pean commodity marketb
tation, 36% from Brazil (sugarcane-based), 36% from the US (corn-based), the rest
of the world based on the global commodity marketc
al commodity marketd
nd PS4: the average European grid electricity is assumede (92% from non-
ed in Italy): the average Italian grid is assumedf (87% from non-renewables).
e water treatment for households globallyg
O}j market for j Alloc Def”.
f”.
try mix) and share of the electricity production during 2010e2014 of EU28 based on
n 5%, Poland 4%, NL 4% and the remaining countries together 22%.
ropean data is not available.
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on EHS or are of concern regarding their potential harm. This can
vary from expected acute adverse effects on workers during labour
exposure to concerns about environmental persistency, potential
for bioaccumulation or chronic toxicity, including carcinogenic,
mutagenic and reproductive toxicity. If a substance is listed in one
of the regulations, this does not mean necessarily that it is a
problematic substance. It may well be that a chemical can be used
without causing harm, if appropriate precaution measures are
taken. Alternatively, certain effects might not be relevant when the
compound is used as an intermediate. However, this is still useful
information that should be considered, especially when upscaling
the production process becomes relevant in a later stage and a
classical LCA does not take occupational health and safety into
account.
3. Results and discussion
3.1. LCA results
Figs. 3 and 4 present the identiﬁed cradle-to-factory gate life
cycle NREU and GHG emissions for 1 kg CNC foam produced via the
four product systems. It can be seen that for all four systems the
impacts of CNC foams predominantly originate from the process
energy and the production of ethanol.
The extremely high impacts of the lab scale production (PS1) are
caused by the use of a large amount of liquid N2, which contributes
88% of the total NREU and 82% of the GHG emissions. The impact of
liquid N2 was primarily caused by the large amount of electricity
used for cryogenic air separation. In the conceptual design (PS2)
replacing liquid N2 with a tunnel refrigerator leads to substantial
decrease in NREU (by 86%) and GHG emissions (by 82%). In PS2, the
production of makeup ethanol is the biggest impact contributor,
accounting for 48% of NREU and 63% of GHG emissions, followed by
ethanol distillation, accounting for 35% of NREU and 26% of GHG
emissions.
In the bench scale trial (PS3), an increased ethanol recovery rate
(from 67% to 94%) leads to a lower ethanol makeup but higher
electricity consumption in the distillation. The high ethanol re-
covery rate was succeeded in the bench trial (PS3) as a result ofFig. 3. Cradle-to-factory gate NREU of 1improved process design. The reduced ethanol makeup results in a
large decrease of NREU (34%) and GHG emissions (45%),
although the increased electricity consumption (of distillation)
leads to an increase in these impacts (24% and 28% respectively). As
a result, PS3 in total achieved a 13% decrease in NREU and 16%
decrease in GHG emissions compared to those of PS2. In PS3, the
biggest impact contributor is ethanol distillation, accounting for
67% and 65% of NREU and GHG emissions respectively, followed by
the production of makeup ethanol, accounting for 16% and 22% of
the impacts.
The environmental impacts of the CNC foam in the up-scaled
design (PS4) are the lowest of all systems studied. The NREU and
GHG emissions are reduced by 32% and 42% respectively in com-
parison with PS3 due to a substantial reduction in electricity con-
sumption. In PS4, devices have better energy efﬁciencies due to the
scaling factor (e.g. the speciﬁc ﬁnal energy consumption for ethanol
distillation is reduced by 18% compared PS4 to PS3). The total
electricity consumption in PS4 reduces by 42% compared to PS3. In
PS4, ethanol distillation is still the biggest contributor (62% of NREU
and 57% of GHG emissions), followed by the production of makeup
ethanol (20% of NREU and 31% of GHG emissions).
Fig. 5 shows the result of the agricultural land occupation. It can
be seen that the production of ethanol takes the lion's share of the
land use; it accounts for 83e96% of the total ALO. In contrast, the
impact from the rawmaterial production (dissolving pulp) is nearly
negligible. Ethanol is produced via sugar fermentation primarily
from sugarcane and corn (see Table 2). PS1 has a high ALO due to
both ethanol and liquid N2. The latter is produced via cryogenic air
separation which requires a large amount of electricity input. The
ALO of liquid N2 is caused by the renewable content of the elec-
tricity (especially in Germany, Sweden and Finland where a sub-
stantial part of the fuel is from biomass). The ALO from PS1 to PS4
continuously decreases with the decreasing amount of ethanol
makeup in the production processes.
3.2. Sensitivity analysis of the LCA results: future optimisation
Sensitivity analysis is carried out to check the robustness of the
key assumptions and to identify future improvement potentials.
The results presented in Section 3.1 show that process energykg CNC foam at four R&D stages.
Fig. 4. Cradle-to-factory gate GHG emissions of 1 kg CNC foam at four R&D stages.
Fig. 5. Agricultural land occupation for producing 1 kg CNC foam at different stages of the R&D.
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makeup are the crucial aspects for the environmental impacts of
the CNC foam. These two aspects are inﬂuenced by two factors: 1)
the ethanol recycling rate, which affects the total demand of
makeup ethanol and 2) the energy source used, especially for
distillation.
Firstly, in chemical industry solvents are highly recycled in order
to minimize the operational costs in a commercialised production.
There is no commercial CNC production to borrow experience. The
industrial partners in the project suggested that a 98% recycling
rate of ethanol was a reasonable prognosis for a large scale pro-
duction of CNC foam. Secondly, in chemical industry, process heat is
usually not supplied by electricity but rather from industrial boiler
operated on fossil fuels (Boustead, 2005). In the second sensitivity
analysis, the parameter of process heat is changed to “industrial
steam” instead of generating heat from electricity. Lastly, consid-
ering that CNC is a future material, a future energy infrastructure inthe production process should also be investigated. In the third
sensitivity analysis, a low-carbon electricity future is assumed by
using Swedish electricity (only 8% from combusting fossil fuels) as a
proxy to replace the average EU electricity mix as assumed in the
baseline. Taking PS4 as the baseline, key assumptions related to
ethanol recycling and the energy sources are varied with three
sensitivity analyses performed. The overview of these assumptions
is summarized in Table 3.
Fig. 6 shows the results of the sensitivity analyses for NREU (6a)
and GHG emissions (6b). Increasing the ethanol recycling rate to
98% would lead to an impact reduction of 7% for NREU and 11% for
GHG emissions (see SA1). Whereas using industrial steam for
ethanol distillation (SA2) and using Swedish electricity mix (SA3)
have a signiﬁcant inﬂuence on the NREU. However, their inﬂuences
on the GHG emissions are quite different (Fig. 6b). Using Swedish
electricity mix to provide all process energy (SA3) leads to a much
larger reduction of the GHG emissions than only replacing
Table 3
Overview of the sensitivity analyses.
Sensitivity analysis Key aspects Assumed variation Baseline “value” in PS4
SA1 Ethanol recycling rate 98% 94%
SA2 Source of heat for ethanol distillation Industrial steamb Electricity for heat demand (European average electricity mixc)
SA3 Source of electricity for ethanol distillation and
all remaining processa energy demand
Swedish electricity mixd European electricity mixc
a Including the energy demand for centrifugation, soniﬁcation, mixing, freezing, pumping, cooling and drying.
b Fuel mix of 99% non-renewable energy, ecoinvent unit process “1 kWh Heat, in chemical industry {RER}j market for j Alloc Def” (Frischknecht et al., 2007b). Industrial
steam is commonly used for large chemical production (e.g. to supply the distillation heat).
c The same source as described in footnote e in Table 2.
d Fuel mix: 32% of renewable and 60% nuclear and 8% fossil, ecoinvent unit process “1 kWh Electricity, low voltage {SE}jmarket for j Alloc Def” (Frischknecht et al., 2007b).
The Swedish electricity is assumed here as an example of low carbon electricity.
a
b
Fig. 6. Results from sensitivity analyses for a) NREU and b) GHG emissions for pro-
ducing 1 kg CNC foam. Please refer to Table 3 for the three cases of the sensitivity
analyses.
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(SA2). This is because the GHG emission factor of the Swedish po-
wer mix (0.07 kg CO2 eq./kWh) is substantially lower than that of
average industrial steam (0.41 kg CO2 eq./kWh). The Swedish po-
wer mix has a very low GHG emissions factor due to the fuel mix of
60% nuclear power, 22% hydropower, 10% biomass and only 8%
fossil fuels (Frischknecht et al., 2007b).
3.3. Results of EHS screening
3.3.1. Ecotoxicological analysis of CNCs: in vivo zebraﬁsh assay
The toxicity of CNC was tested by exposing zebraﬁsh embryos
and Daphnia magna to passive samplers equilibrated in CNC sus-
pensions and in paper slurry. Unloaded passive dosing vials were
used as the control group. Inspection of abnormalities of zebraﬁsh
embryos revealed no signs of toxicity upon 120 h of exposure of the
zebraﬁsh embryos to either test samples or to controls, indicating
lack of effects of chemicals dissolved in either the CNC suspensions
or the paper slurry. Fig. 7 shows the results of two independently
performed tests on the effects of CNC and paper slurry on the
reproduction of Daphnia magna. Results of both tests were exam-
ined with a one-way analysis for variance (ANOVA). Neither the
ﬁrst experiment [F(2,28)¼ 0.275, p¼ .761] nor the second experi-
ment [F(2,29)¼ 1.427, p¼ 0,257] showed a signiﬁcant effect of the
two substrates tested on the reproduction of Daphnia magna dur-
ing 21 days of exposure.
3.3.2. “Block list” scan
Table 4 presents the results of the “block list” scan for all sub-
stances used in the manufacture process of CNC foam against (in-
ter)national chemical regulatory lists. Table 4 contains an overview
of the most relevant international chemical regulations dealing
with hazardous substances. Non-compliance with any of these
implies in general that additional efforts need to be undertaken in
order to minimize adverse effects to man and the environment.
Such efforts vary, dependent on the regulation of interest. As can be
seen from this table, no highly undesirable substances were found
in the manufacture process of CNC foam, albeit that sulfuric acid,
liquid nitrogen and ethanol are included. In all cases, however, the
inclusion is not due to considerations affecting the safe use of the
chemicals in CNC foam production. As an example, the case of
liquid nitrogen may be mentioned: nitrogen is a virtually inert
chemical present in the atmosphere at relatively high concentra-
tions that cause no environmental and human health hazards un-
less highly elevated levels are induced or when present as a liquid,
inwhich case skin burningmight occur as with any substancewhen
present at a temperature of 70 C.
Please note that when a compound is not restricted by either of
these regulations, this does not imply that they are not harmful and
always safe to use (see also Materials and Methods). This screening
provides a quick overview of any relevant restrictions and/orprovisions relating to the CNC foam production. It also gives in-
formation on how certain chemicals have to be used, for example in
relation to occupational safety and health and on possible exposure
scenario's and prevention measures.
Fig. 7. Fecundity of bio indicator Daphnia magna when exposed to CNC and paper
slurry.
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No adverse effects were observed in acute aquatic toxicity
testing of emulsions of CNC. This implies lack of release of haz-
ardous chemicals and lack of acute toxicity of the CNC present in
the suspensions tested. Based on these results, a preliminary
conclusion to be drawn is that the studied CNC suspensions do not
give rise to safety considerations at the initial stages of develop-
ment. As a matter of course, this conclusion does not rule out
possible adverse risks further on in the development chain as
enhanced exposure might occur. The “block list” scan shows that
no hazardous chemicals are being employed in the current stage
of product development. Hence, at this stage no adaptation of the
development process is needed to cope with release of hazardous
substances and to secure compliance with international chemical
regulations.
4. Conclusions
In this study, the cradle-to-factory gate environmental impacts
of a CNC foam product are assessed along the R&D trajectory from
laboratory synthesis, conceptual design, bench-scale trial to the
up-scaled process design. NREU, GHG emissions and agricultural
land occupation are the three indicators analysed. Along the R&D
trajectory a steady reduction of the environmental impacts is
observed as the result of upscaling the production technology. The
NREU and GHG emissions of the up-scale process design (PS4) are
only less than 10% of the impacts analysed for the lab scale pro-
duction (PS1). The nature of lab research that focuses on providing
proof-of-concept for a new product without considering process
efﬁciency and cost inevitably leads to very high environmental
impacts.
When the R&D advances into the engineering phase,
improving process efﬁciency and reducing the production cost
become the key focus of the technology/product development. As
a consequence, substantial impact reduction can be expected by
the ﬁrst process design. In the case study of CNC foam, the impacts
(NREU and GHG emissions) are reduced by at least 80% when
comparing the conceptual design of a pilot process to the lab
synthesis. This reduction is largely attributed to the replacement
of liquid N2 with a tunnel freezer (see Section 3.1). Further engi-
neering in upscaling the production process provides process
optimisation and improvements and results in further reduction
L. Tan et al. / Journal of Cleaner Production 178 (2018) 494e506504of measured impacts. In this case study, the further impact re-
ductions obtainable through process optimisation and improve-
ment are at relatively marginal level compared to the impact
reduction leap achieved with the ﬁrst upscaling process design.
Impacts related to biomass feedstock production (e.g. land-use
related impacts) are often considered as an important trade-off of
biobased products (Broeren et al., 2017; Weiss et al., 2012). How-
ever, in this case study, the ALO of the CNC foam is dominated by
the biobased solvent (ethanol) but not the biobased raw material
(wood pulp). This gives an important signal that more awareness
should be raised and greater attention should be paid to the se-
lection of solvent in the early-stage of product design.
The impacts of the furthest evolved design modelled in this
study might be very close to the actual impacts of the future
commercialised product system. The sensitivity analysis of the up-
scaled process design provides several outlooks by taking into ac-
count some of the features of commercial scale production (e.g. a
high solvent recycling rate and low carbo-intensive energy sour-
ces). Although these features lead to further reduced impacts, it
should be noted that the impacts of the future commercialised
product could be still higher, as the actual industrial production is
often larger than the theoretical design. However, this doesn't
mean the impacts of future commercialised product will be deﬁ-
nitely higher. Any possibilities of using heat integration and process
optimisation in the commercial scale could considerably increase
the process efﬁciency and result in a decrease in the environmental
impacts.
An early-stage EHS screening was ﬁrstly adopted as a supple-
ment to the LCA to assist the sustainable development of a nano-
product and its production technology. There is in general a lack of
data and assessment methodology in order to perform a full EHS
assessment for many novel products in their early-stage develop-
ment. In this case study, the “known” substances which enter the
product systems are scanned against the current legislations to
clear up the legislation barriers during early-stage R&D. No highly
undesirable substances are found in the manufacturing process.
Attention should be paid to sulfuric acid, liquid nitrogen and
ethanol to determine how these chemicals should be used in
regards to occupational health and safety.
The “unknown” substance in this case study is CNC. There is in
general a lack of studies on the (eco)toxicity or environmental
health and safety of CNC. Some previous studies show no adverse
effects (Kovacs et al., 2010; Vartiainen et al., 2011) but other studies
give discordant results (Endes et al., 2016). In this study, the actual
risk of CNC was assessed by applying passive sampling by exposing
zebraﬁsh embryos and daphnia magna to CNC suspensions and
paper slurries. No signs of toxicity were observable upon 120 h of
exposure of the zebraﬁsh embryos to either test samples or to
controls, indicating lack of effects of chemicals dissolved in either
the CNC suspensions or the paper slurry. For a reliable and more
complete assessment of the EHS of CNC, careful sample character-
ization is crucial, as factors such as the morphology, but also en-
dotoxins or chemical impurities inﬂuence observed health effects.
Particle charge and degree of aggregation are important factors in
determining the shape and dimensions of the CNC and in turn its
toxicity. The source of the CNC, preparation procedure, and/or post-
processing also inﬂuence the toxicity of CNC (Roman, 2015).
Therefore, further efforts are required to generate solid conclusions
on the toxicity of CNC, for example by applying total extraction to
assess the potential risk of CNC, by performing more extensive
dose-response assessment and by testing the CNC particles, whilst
being aware that these particles will not be present as such in the
ﬁnal product formulations.
The case study demonstrated a novel early-stage assessment
approach e by combining ex-ante LCA with an early-stage EHSscreening when the impact assessment of (eco)toxicity is limited in
the early-stage development. The early-stage EHS screening offers a
ﬁrst insight in the ecotoxicity of CNC and gives the direction of the
preventive measures for occupational health and safety for the
future upscaling of the technology. This combined approach can be
particularly interesting for the sustainability assessment of novel
material/chemicals in their early-stage development where little or
no toxicity information is available. The proposed approach re-
quires a multi-disciplinary team to conduct such an assessment,
which requires to involve R&D scientists, LCA practitioners and
toxicology scientists. It does require more resources than a con-
ventional ex-ante LCA. But the effort pays off. It leads to signiﬁcant
insight in the environmental performance of a novel material in its
early-stage development, much more than an LCA with absent in-
formation on toxicity information. The “block list” is a publically-
available resource. It can be used by any industrial or academic
EHS experts to assist in R&D. It is also applicable for any stages in
R&D. Since occupational EHS are usually not included in a LCA, the
“block list” scan provides a simpliﬁed way to make a ﬁrst obser-
vation for the EHS issues associated with the ingredients used in
the manufacturing process. To conduct in vivo zebraﬁsh assay
expertise in toxicology is required. However, the effort is still small
compared to a full-ﬂedged ecotoxicity test of CNC. It is proven tool
to ﬂag important toxicity information and identify the attention
points for nanomaterials at the earliest possible development
stages.
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